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Abstract: Surficial water adsorption and interfacial water condensation as natural phenomena that can
alter the contact status of the solid interface and tribological performances are crucial in all length scales,
i.e., from earthquakes to skating at the macroscale level and even to micro/nano-electromechanical systems
(M/NEMS) at the microscale/nanoscale level. Interfacial water exhibits diverse structure and properties
from bulk water because of its further interaction with solid surfaces. In this paper, the evolutions of the
molecular configuration of the adsorbed water layer depending on solid surface chemistry (wettability)
and structure, environmental conditions (i.e., relative humidity and temperature), and experimental
parameters (i.e., sliding speed and normal load) and their impacts on tribological performances, such as
adhesion, friction, and wear, are systematically reviewed. Based on these factors, interfacial water can
increase or reduce adhesion and friction as well as facilitate or suppress the tribochemical wear depending
on the water condensation kinetics at the interface as well as the thickness and structure of the involved
interfacial water.
Keywords: water adsorption; water condensation, adhesion; friction; tribochemical wear
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Introduction

As one of the most common and earliest materials
on earth, water usually adsorbs on most organic and
inorganic surfaces unless it is completely chemically
inert [1]. The unique bulk properties of liquid water
originate from its large dipole moment and high
polarizability, and individual water molecules also
have hydrogen bonding capability [2, 3]. The formation
of an ordered water layer on solid surfaces has
been detected by experimental measurements [4, 5]
and computational simulations [6, 7]. This indicates
that the adsorbed water on the solid surface may
exhibit diverse structures or properties than those
of liquid water because of the additional interaction
with the solid surface [8–10]. It is well known that
water adsorption on a solid contact interface involves

the condensation of water bridge (or meniscus) [11],
which may alter the contact state and further impact
adhesion, friction, and wear performances [12, 13].
Understanding the structure of interfacial water
and its role in tribological behaviors is fundamental.
With the integration and miniaturization of electronics
and mechanical parts, tribological problems (e.g.,
high adhesion, friction, and severe wear) caused
by surface/size effects and meniscus condensation
have become increasingly prominent [14, 15]. These
severely affect the stability and lifetime of microdevices,
such as hard disks and micro/nano-electromechanical
systems (M/NEMS) [16, 17]. For instance, the final
step in Si-based MEMS fabrication is the removal
of the oxide sacrificial layer; however, the re-oxidation
with surface hydrophilization occurs with exposure
to water or humid air. This release process along
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Nomenclature
Fc
Fs
Fp
γ
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2

ice
R
H
rL
rK
V0
a
F vdW
Fice
A
Aice
δ
H
T

Capillary force
Surface tension force
Force caused by pressure difference
Water surface tension
Contact angle of ball surface
Contact angle of substrate
Filling angle of meniscus
Filling angle of ice-like meniscus
Ball or tip radius
Hamaker constant
Meniscus radius
Kelvin radius
Volume of water molecule
Minimum sphere-plane separation
van der Waals force
Ice-like meniscus rupture force
Cross-section area of meniscus
Cross-section area of ice-like meniscus
Lennard–Jones parameter
Adsorbed water thickness
Absolute temperature

with the enhancement of water adsorption increases
the capillary-related adhesion force or “release
adhesion”, which may directly damage microdevices/
nanodevices [18, 19]. During the operation of
nanodevices, the strong capillary interaction of the
contact or near-contact nanostructure caused by the
size and surface effects induces a high adhesion
force (denoted as “in-use adhesion”). This also
results in the sharp increase in the friction force
and the exponential decrease in its lifetime [20, 21].
Furthermore, the water condensation at a tribological
interface may alter the wear mechanism, facilitating
material failure. Surface wear is usually dominated
by mechanical interaction, which initiates when the
contact stress exceeds the yield strength of the
material; it is followed by behaviors, such as plastic
flow, crack propagation, or material removal [22–25].
The interfacial water may activate the tribochemical
reaction of the sliding interface, leading to severe
wear at an extremely low contact pressure. Under
these conditions, the surface wear is mainly dominated
by the atomic attrition and removal of softened materials generated by tribochemical reactions [26–30].
Recently, water-associated tribochemical wear
has attracted considerable interest from the scientific
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Adsorbed ice-like water thickness
Friction force
Normal load
Adhesion force
Friction coefficient
Meniscus volume
Threshold free energy
Boltzmann constant
Condensation time of a meniscus
Condensation time of a liquid monolayer
Molecular density of the liquid
Full width of interstitial height distribution
Fraction of total number of meniscus
Sliding speed
Wear rate
Effective attempt frequency
Contact stress
Lattice parameter
Activation barrier
Critical activation volume

community because of its critical role in the abovementioned M/NEMS applications and ultra-precision
surface manufacturing, such as chemical mechanical
polishing (CMP). The CMP aims to achieve a controllable atomic material removal by adjusting the
related tribochemical reactions [31–33]. Previous
studies have proved that the configurations involving
the thickness and structure of interfacial water
significantly influence tribochemical wear [34–36].
Considering the native oxide-covered silicon as an
example, the interfacial water that forms at a low
relative humidity (RH) is dominated by an ordered
structure and has a strongly hydrogen-bonded network.
This can enhance the tribochemical reaction and
facilitate the material removal of silicon. Conversely,
the liquid-like water with a disordered structure
that adsorbs under a high RH condition provides
lubrication to reduce the tribochemical wear [37, 38].
However, the configuration of interfacial water
confined in the contact region not only depends on
the intrinsic properties of the solid surface (e.g.,
wettability and atomic structure), but also depends
on external environments and parameters (e.g.,
contact force, contact time or sliding speed, and
temperature) in addition to humidity (Fig. 1) [39–42].
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on the configuration of water molecules characterized
by spectroscopic techniques or detected by computational simulations.
2.1

Fig. 1
Water adsorption on solid surface and water
condensation at contact or near-contact interface: (a) water
adsorption on solid surface with different configurations
depending on surficial termination groups and water vapor
pressures. (b) Schematic of water condensation at contact or
near-contact asperity–contact interface depending on solid
surface chemistry and structure, environments (i.e., vapor
pressure and temperature), and experimental conditions (i.e.,
sliding speed and contact load).

In this paper, the configuration evolution of the
adsorbed water layer on the solid and its impact on
tribological performance (e.g., adhesion, friction,
and wear) are systematically reviewed. The review
considers the solid surface chemistry and structure,
environmental conditions, and experimental parameters.
According to these factors, the interfacial water is
found to perform a crucial function in increasing
or reducing adhesion and friction as well as facilitating or suppressing the tribochemical wear. This
depends on the occurrence of water condensation
between the contact interface and the evolution of
the involved water configuration.

2

Evolution of absorbed water
configuration on solid surface

Knowledge on interfacial water configuration near
solid surfaces is crucial to understanding many
important surficial problems involving water.
These problems include the agglomeration of
hydrophilic surfaces or macromolecules in water
[43, 44], fabrication of uniform films in atomic
layer deposition [45], highly capillary-related friction,
and severe water-associated wear of solid materials
[46–48]. Here, the evolution of the adsorbed water
structure depending on the chemical properties
and physical structure of solid surfaces as well as
the surrounding atmosphere are reviewed based

Adsorption of ice-like water structure on
solid surface

As a result of the absence of compatible technology,
computational simulations and numerical calculations
[49, 50] were initially employed to study the
interfacial water structure detected at the atomic
scale. In the early 1990s, the development of infrared
visible sum-frequency generation (SFG) provided
a versatile surface spectroscopic tool to probe all
types of interfaces, including liquid–liquid and
solid–liquid interfaces [51, 52]. Du et al. [53]
measured the SFG spectrum of the water layer
adsorbed on the mica surface and observed two
peaks in the region from 3,000 to 3,500 cm 1
because of the hydrogen-bonded OH stretching
modes. The peak at ~3,200 cm1 is normally attributed
to the in-phase vibrations of the coupled symmetric
OH stretch mode of tetrahedrally coordinated
water molecules. The domination of this peak in
the ice spectrum indicates bond ordering (or
formation of an ice-like structure) in the water
molecular arrangement. Accordingly, another peak
at ~3,400 cm1 caused by the symmetric stretch mode
of the asymmetrically bonded water molecules
represents the bond disordering in the water
molecular arrangement. Based on the fact that
the spectrum of the water layer adsorbed on the
mica surface is dominated by the peak at ~3,200
cm 1, it was deduced that the interfacial water
molecules are well bond-ordered, i.e., the adsorbed
water layer has an ice-like structure. By using
first-principle molecular dynamics (MD) simulation,
Odelius et al. [54] confirmed that the water on
the mica surface condensed into a fully connected
two-dimensional (2D) hydrogen bond network,
forming a monolayer ice-like water (Figs. 2(a) and
2(b)). The formations of the ordered structure were
also experimentally observed on other material
surfaces, such as silica [55], metal, and metal
oxide [56–58]. These are found to be in fair
agreement with those of the density functional
theory (DFT) and MD simulations [59, 60].
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Fig. 3 Schematic of structural evolution of adsorbed
water layer on hydrophilic silicon oxide surface. With the
increase in RH, three regions with RH = 0–30%, ~30%–
60%, and RH > 60% are defined to demonstrate the different
structures of adsorbed water layer on silicon oxide surface.
Reproduced with permission from Ref. [61], © American
Chemical Society 2005.
Fig. 2 (a) Side view and (b) top view of 2D ice structure
of adsorbed water on mica surface. H-bond network
consists of distorted hexagons. Reproduced with permission
from Ref. [54], © American Physical Society 1997.

2.2

Water adsorption depending on atmosphere
and solid surface properties

Based on the measurements using SFG spectroscopy
or attenuated total reflection-infrared (ATR-IR)
spectroscopy, it was found that the hydrophilic
surfaces were covered by an ice-like water layer,
and the water structure was dynamic depending
on the partial water vapor pressure [61–63]. Asay
et al. [61] presented the configuration of
adsorbed water molecules on the fully hydroxylcovered silicon surface at various RH values. The
evolution of water thickness and structure along
with the RH was basically divided into three
regions (Fig. 3). At a RH of less than 30% as the
first region, the adsorbed water layer mainly
grows exhibiting an ice-like structure; the
growth rate becomes relatively high as the RH
increases. In the middle region, at a RH range of
30%–60%, the ice-like water remains dominant;
however, the disordered water gradually starts
to grow. In the last region, at a RH exceeding
60%, ice-like water ceases to grow, and only the
disordered water grows rapidly with the increase
in RH.

Not only the above-mentioned environmental
atmosphere, but also the surface chemistry and
physical structures of solids significantly influence
the interfacial water structure. For instance, the
MD simulations demonstrated that no hydrogen
bond interaction existed between the hydrophobic
graphite surface and water. Moreover, the water
molecules mainly exhibited a diffusive behavior
[64, 65]. Asay et al. [66] controlled the surface
wettability by changing the coverage rate of the
surface silanol groups on the silicon surface and
detected its effect on the adsorbed water thickness
and structure using ATR-IR spectroscopy. Both
the total thickness of the adsorbed water layer
and amount of ice-like water decreased with the
hydrophobization of solid surfaces along with
the decrease in the concentration of the surface
silanol groups. With the use of the same technology
as the foregoing, Chen et al. [67] quantified the
difference between the adsorbed water configuration
on a hydrophilic hydroxyl-terminated silicon
(Si/OH) surface (< 5°) and a hydrophobic hydrogenterminated silicon (Si/H) surface (~85°). The icelike spectrum is dominant (Fig. 4(a)) at low RH
values corresponding to the formation of the
ordered structure on the Si/OH surface (Fig. 4(c)).
This differs from the peak at ~3,200 cm 1 in the
ATR-IR spectrum caused by the strongly hydrogenbonded network, which is weak in the entire RH
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Fig. 4 Schematic of ATR-IR spectra of O–H stretching region of water adsorbed on (a) hydrophilic hydroxyl-terminated silicon
(Si/OH) surface; (b) hydrophobic hydrogen-terminated silicon (Si/H) surface; (c) Si–OH surface (showing corresponding adsorbed
water structure); and (d) Si–H surface in humid air. Inset in (d) shows schematic of clusters of water molecules on hydrophobic
Si–H surface; (e, f) illustrate adsorption isotherms of adsorbed water on hydrophilic Si–OH and hydrophobic Si–H surfaces,
respectively. Solid line is drawn as guide. Green dashed and blue dotted lines represent the thicknesses of disordered and ordered
water, respectively. Number of layers is calculated by dividing average thickness with average diameter of water molecule (2.82 Å).
Reproduced with permission from Ref. [67], © American Chemical Society 2018.

range and has a lower relative intensity than
bulk liquid water (Fig. 4(b)). This indicates that
no ice-like water exists on the hydrophobic Si/H
surface. With the increase in RH, the adsorbed
water on the hydrophilic Si/OH surface, which
involves both ordered and disordered structures,
finally grows to practically four layers (Fig. 4(e)).
In contrast, only the disordered water with an
average thickness less than that of the monolayer
forms on the hydrophobic Si/H surface even at
the near-saturation RH (Fig. 4(f )). This indicates
the possible formation of a water cluster structure
near the defect sites (upper-right in Fig. 4(d)) [68].
Recently, Chen et al. [69] found that the gel-like
three-dimensional (3D) structure on the Si surface
could further enhance the condensation of both
ordered and disordered water. It is intriguing that the
Si surface with a gel-like structure uptakes three
times the amount of adsorbed water on the Si/
OH surface although the contact angle of the
latter is considerably smaller (more hydrophilic).
Similarly, Baumgartner et al. [70] observed the
formation of ordered water on mesoporous silica
films, and its amount was dependent on the size
of the pores.
In summary, both the spectroscopic characterizations and computational simulations confirm
that the additional interaction with the solid
surface may result in the adsorption of well bond-

ordered (ice-like) water. The increase in water vapor
pressure at low RH values and hydrophilization
or formation of hydrophilic “hair-like” structures
on the solid surface can facilitate the growth of
ice-like water. The condensation of ice-like water
does not only increase the interfacial adhesion
and friction forces; it also causes more severe
water-associated tribochemical wear, which is
reviewed in the succeeding sections. The foregoing
functions differ from the role of lubrication
provided by the liquid-like water forming on the
hydrophobic surface or on the hydrophilic surface
at high RH values.

3

Capillary-related adhesion depending
on water configuration

Capillarity is a general phenomenon that occurs
between two contacting or near-contacting surfaces
in a vapor environment. In such a case, the capillary
force of the meniscus has a significant contribution
to the interfacial adhesion especially in the microscale/
nanoscale asperity contact. In this Section, the effects
of capillarity on the interfacial adhesion are reviewed.
It is based on the development of the capillary-related
adhesion model from the Young and Laplace model
at the macroscale/mesoscale level to the Xiao and
Qian model at the microscale/nanoscale level. It
is further extended to the Kim–Chen–Qian model,
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considering the contribution of the ice-like water
formed on the hydrophilic solid surface and
enhanced by the hydrophilic “hair-like” surface
structure.
3.1 Capillary-related adhesion model at nanoscale
It is widely regarded that capillarity is time and
temperature-dependent, and the capillarity bridge
grows until the thermodynamic equilibrium is
established. Szoszkiewicz and Riedo [71] deduced
that the time of meniscus nucleation between
two hydrophilic contacting surfaces ranged from
0.7 to 4.2 ms in humid air with 40% RH as the
temperature decreased from 332 to 299 K. This
conclusion was based on the transition of the velocitydependent microscale/nanoscale friction from a
logarithmic velocity-dependent friction to one
that is constant. Physically, capillary condensation
is considered as a thermally activated fIrst-order
gas–liquid phase transition. They estimated the
energy barrier of a capillary bridge nucleation to be
approximately 7.8 × 1020 J based on Arrhenius law.
The quantitative study of capillarity at a thermodynamic equilibrium state can be traced back to
the mid-19th century and the work of McFarlane
and Tabor [72]. For a single sphere-on-plane contact,
the capillary force (F c) can be estimated by
F c = 4πγ(cosθ1 + cosθ2)

(1)

where γ is the water surface tension. The model of
Young and Laplace functions at the macroscale/
mesoscale level based on three main assumptions
(Figs. 5(a) and 5(b)): (i) the meniscus radius (rL) is
considerably smaller than the radius (R) of the
sphere; (ii) the distance between the sphere and
flat surface (a) is considerably smaller than rL; (iii)
the Kelvin radius of the meniscus (rK) is considerably
smaller than rL. However, the above model fails to
predict the interfacial adhesion at the microscale/
nanoscale level because rK is considerable with rL,
which is in turn considerable with R [73].
With the development of new technologies, such
as the atomic force microscope (AFM) and surface
force apparatus, the sphere-on-plane contact size
in the capillary study shrinks to the microscale or
even nanoscale level. Using the AFM, Xiao and
Qian [74] detected that the RH had no effect on the

hydrophobic OTE/SiO2 surface (OTE, N-octadecyltrimethoxysilane self-assembled monolayer film).
In contrast, the complex dependence of adhesion
on RH was observed on the hydrophilic SiO2 surface
fully covered by hydroxyl groups (i.e., SiOx/OH).
The RH-dependent adhesion behaviors on hydrophobic
and hydrophilic solid surfaces can be explained by
the different evolutions of water adsorption. The
adsorbed water layer on a hydrophobic surface is
extremely thin even at a nearly saturated water
vapor pressure; its structure does not change with
RH (Fig. 4) and the adhesion force is small,
exhibiting independence on RH [67]. The growth
of the adsorbed water around the annulus of the
contact area on a hydrophilic surface changes the
capillary interaction and the related adhesion behaviors
depending on RH. However, the Young and Laplace
model cannot explain the fact that the adhesion
force on the SiOx/OH surface increases to a maximum
and then decreases as the RH increases (Fig. 5(c)). The
same RH-dependent single-asperity contact was
also reported by other published articles in Refs.
[75–77]. To explain the complex RH-dependent
interfacial adhesion behaviors, Xiao and Qian [74]
built the first capillary-related adhesion model utilized
at the microscale/nanoscale level, considering the
contacting asperity size and meniscus shape.
In general, the adhesion force at the asperity
contact interface consists of the capillary force
(F cap ), van der Waals force (F vdW ), electrostatic
force, and chemical bonding force. Compared
with the total adhesion, the electrostatic and chemical
bonding forces are limited because there are no
net charges and surface bond saturation. The capillary
force is the sum of two components: surface
tension (F s ) and pressure difference (F p , between
the outside and inside of the meniscus) caused
by the curvature. Based on the sphere-on-plane
contact geometry, Xiao and Qian [74] established
the relationship between the capillary force and
filling angle (  ) of the meniscus (Fig. 5(a)).
Fcap  Fs  Fp  2 R sin  sin(1   )
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In Eq. (2), the  is determined by the Kelvin
equation at a thermodynamic equilibrium state,
where V 0 is the volume of water molecules [78].
1 1
cos(1   )  cos( 2 )
kT
1

ln RH     
 V0
a  R(1  cos  )
 rL rK  R sin 

(3)
The water condensation on the sphere-on-plane
contact not only affects the capillary force but also
the van der Waals force. According to the basic
formula of van der Waals force calculation, FvdW =
HR/6a 2 (where A is Hamaker constant depending
RH
on the medium at the contact interface), and FvdW
at various RH values is approximated between
dry
water
the values in dry air ( FvdW
) and pure water ( FvdW
)
[79, 80].
RH
vdW

F



1
F 
2 
 [1  R(1  cos  ) / a] 

1
water 
 FvdW
1 
2 



[1
R
(1
cos
)
/
a
]


dry
vdW

(4)

The results calculated using Eqs. (2)–(4) show
that the capillary force increases at a low RH
range following a decrease at a high RH (III in
Fig. 5(d)); the van der Waals force monotonously
drops continuously as the RH increases from 0%
to saturation (IV in Fig. 5(d)). The total adhesion
calculated from F cap + F vdW (V in Fig. 5(d)) similarly
varies as a function of RH compared with the
experimental data on the hydrophilic SiO 2 /OH
surface (Fig. 5(c)): both increase at low RH values
and decrease at high RH values.
3.2

Capillary-related adhesion model considering
ice-like water

The model built by Xiao and Qian [74] can
approximately predict the trend of adhesion
variation with RH for a single-asperity contact;
however, the fitted data do not precisely match
the experimental results (Fig. 5(d)). One possible
reason is the omission of the influence of the
strongly hydrogen-bonded ice-like water in the
meniscus. Compared with the bulk liquid water,
the ice-like adsorbed water has surface energy
that is approximately two times higher (γice =
~103.3 ergs/cm 2 ) [81] and a considerably smaller

relaxation time (six to eight orders of magnitude
slower) [82]. Asay and Kim [83] demonstrated
that the magnitude of the RH-dependent adhesion
of SiOx/OH and Si single-asperity contact interface
was extremely underestimated by considering
only the contributions of capillary and van der
Waals forces; the contribution of the ice-like
water bridge must also be considered. The force
required to rupture the ice-like water bridge (Fice)
can be approximated as Fice = dW/dz, where dW =
2γicedAice (Aice: area of ice-like meniscus) and dz =
21/6 δ (Lennard–Jones parameter: δ = ~3.15 Å) [84].
Based on the sphere-on-plane geometry, Fice is a
function of the ice-like water layer thickness (hice). The
entire adsorbed water layer (h) can be expressed as
Fice 

2 ice（h  2R)(2hice  h)
21/6 

(5)

Thereafter, Asay and Kim [83] extended the
Xiao and Qian model considering the contribution
of ice-like water bridge to the interfacial adhesion,
especially between two hydrophilic contact surfaces.
This aids in understanding the influence of
structure, thickness, and viscoelastic behavior of
condensed water meniscus on the adhesion force
at a nano-asperity contact.
3.3 Capillary-related adhesion model considering
interfacial water configuration
Recently, the group of Chen and Qian [85] developed
a comprehensive model involving the roles of
capillary force and van der Waals force as well as
the dynamic contribution of the breaking of the
ice-like meniscus depending on the chemistry
and physical structures of the solid surface. They
controlled the surface wettability of Si by storing
a fully hydrogen-terminated Si (Si/H) in liquid
alcohol (Si alcohol ), 40% RH air (Si air ), and water
(Si wa t e r ) with different aging times. The water
contact angle of pristine Si/H is approximately
85°. After aging for up to 28 d, the contact angle
gradually reduces to ~65° for the Sialcohol surface,
where only a liquid-like water cluster condenses
around the hydrophilic defect sites (I in Fig. 6).
The storage in humid air produces an oxide layer
terminated by hydroxyl groups, resulting in the
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Fig. 5 (a, b) Geometry of meniscus condensed on single-asperity contact interface; R is sphere radius; is filling angle; r K is
Kelvin radius of meniscus; r L is meniscus radius; a is minimum separation at sphere–plane interface; θ1 and θ2 are contact
angles of sphere and substrate, respectively; (c) adhesion forces as function of RH on relatively hydrophilic SiO 2 surface and
hydrophobic OTE/SiO 2 surface obtained in AFM tests; (d) theoretical calculation results on contributions to adhesion force
from (I) surface tension force, (II) capillary pressure force, (III) total capillary force, (IV) van der Waals force, and (V)
adhesion force. Reproduced with permission from Ref. [74], © American Chemical Society 2000.

decrease in contact angle to ~40° for Siair and the
condensation of ice-like water (II). After being aged
in water, a loosely cross-linked gel-like structure is
formed on the Si surface. Thereafter, the water
uptake of the Siwater surface induces a considerably
thicker ice-like water layer (III) than the SiOx/OH
surface although it is more hydrophobic (θ ≥ 15°)
[69]. This dynamics of the interfacial water
configuration indicates that the contribution of
the breakage of the ice-like meniscus to adhesion
must be dynamic. The adhesion force (Fa) determined
by the filling angle of ice-like meniscus (  ice) can be
written as [85] follows:
Fa = FvdW  Fc   Fice  FvdW (ice )  Fc (ice )


2 ice ( R sin ice )2

(6)

21/6 

where β is a parameter that can vary depending on
the interfacial water configuration. For a plane
surface, the ice-like water gradually grows with
surface hydrophilization, corresponding to 0 ≤ β ≤ 1.
For a gel-like structure-covered Si surface, a
considerably thicker ice-like water layer is formed
because of the water uptake; thus, β should be larger

than 1. Although the exact nature or dynamics of
the physical process requires further study, the
theoretical curve constructed with β = 0–3 exhibits
a reasonable agreement with all the data on adhesion
when the water contact angle of the Si surface ranges
from ~83° to ~15° (rhodopsin solid line in Fig. 6). The
capillary and van der Waals force interactions
(green dashed line in Fig. 6) or their combination
with the fixed ice-like water contribution (blue
dashed line in Fig. 6) cannot fully match the
experimental results influenced by both surface
wettability and physical structure [85].
In summary, the condensation of the meniscus
at the interface has a complex influence on the
capillary-related adhesion behavior. The capillarity
is enhanced with the initial growth of interfacial
water but weakens upon extreme water adsorption
because of variations in surface tension and
capillary pressure forces. In contrast, the role of
interfacial water structure in adhesion should be
considered. The growth of ice-like water significantly
contributes to the increase in adhesion force as
the water vapor pressure increases, or with the
hydrophilization of the surface and formation of
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Fig. 6 Adhesion force vs. water contact angle of Si 3 N 4 /
silicon pairs simulated with contributions of van der Waals
force (FvdW ), capillary force of liquid meniscus (Fc), and
force necessary to break strongly hydrogen-bonded water
network (Fice). Bottom green and middle blue dashed lines
represent FvdW + Fc and FvdW + Fc + Fice, respectively. The
rhodopsin solid line represents FvdW + Fc + βFice, where 0 ≤
β ≤ 3 depending on water adsorption is related to chemistry
and structure of oxidized surface layer, as shown in insets on
right. Reproduced with permission from Ref. [85], © American
Chemical Society 2020.

a hydrophilic “hair-like” surficial structure.

4

Effects of interfacial water structure
on friction

Based on the well-known Amontons relationship
between friction force (F t ) and normal load (F n ),
F t = μ(F n + F a ) [86], the change in friction because
of water condensation has two origins: the variations
in adhesion force and friction coefficient (μ). The
solid adsorption–solid adhesion model described
in Eqs. (1)–(6) presents the effects of temperature
and relative humidity on the capillary-related
adhesion. However, it does not extend to other
important parameters (e.g., velocity and contact
time) in sliding friction. This section presents the
meniscus condensation, which mainly depends
on the velocity and RH. Its effect on the capillaryrelated friction is reviewed based on the developments of the multi-asperity and single-asperity
meniscus models, considering the evolution of
interfacial water structure.
4.1

Multi-asperity meniscus model

In the previous paper, it has been reported that
the friction at the microscale/nanoscale level is
extremely velocity-dependent [87–89], and the
cases occurring on the hydrophilic surface under

a humid condition are considerably related to
meniscus reconfiguration [11, 90]. A multi-asperity
meniscus model established by Bocquet et al. [11]
and further developed by Riedo et al. [91]
suggest that the dependence of capillary-related
friction on the contact time (or velocity) and the
RH is significantly related to the variation in the
number of meniscus that forms between the
contacting and near-contacting asperities. With
the increase in RH or decrease in velocity, the
quantity of meniscus logarithmically increases
with the contact time or as a function of RH,
resulting in the increase in capillary force and
related friction force.
In the multi-asperity meniscus model, for each
contacting or near-contacting asperity shown in
Fig. 7(a), one gap of height h defines the volume
of a potential meniscus: V = hA, where A is the
bridge cross-section. Based on the assumption of
a meniscus with a constant cross-sectional area,
the condensation of such a meniscus costs a
threshold free energy, ΔE(h) = kBTln(1/RH)hA/v 0 .
Assuming that there is an activation process, the
time necessary to form a bridge with height h is
t(h) = t a exp[ΔE(h)/kBT], where ta is the condensation
time of a liquid monolayer. Thereafter, the maximum
height (h max ) of the meniscus at a given time, t (or
velocity, v), and RH can be estimated as h max =
ln(t/ta )[ln(1/RH)Aρ]1 = ln(va/v)[ln(1/RH)Aρ]1, where
ρ is the molecular density of the liquid
(molecules/m 3 ); v a is defined as d/t a (d is the
contact region diameter). This means that only
two asperities with a gap less than h max can form
a meniscus. Thus, because of roughness, the
fraction f(v) of the total number of meniscus is
approximated as f(v) = h max (v)/λ, where λ is the
full width of the interstitial height distribution
[11, 91]. Considering that the capillary force is
reduced by the factor f(v) from the perfectly
smooth case (F cap ), the total friction force that
depends on the velocity and RH can be written
as follows [91]:
Ft   ( FN  Fss )   Fcap f (v)   ( FN  Fss )   Fcap 

  va 
1
  A ln(1 / RH)  ln  v 

  

(7)
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Here, the adhesion force is F a = F ss + F cap , where
F ss is the direct adhesion of two contacting solids
in liquid [71]. Using the multi-asperity meniscus
model in Eq. (7), Riedo et al. [91] successfully
predicted the velocity and RH-dependent friction
on the partially hydrophilic high-temperature
deposited CrN (HT-CrN) and the native oxidecovered Si (100) surfaces slid against the Si AFM
tip. The friction forces decrease logarithmically
with the increase in velocity at RHs values of 1%
and 34% on the HT-CrN surface (Fig. 7(b)) and
then increase linearly with 1/ln(1/RH) (or 1/ln
(P S /P)) on the HT-CrN and Si surfaces (Fig. 7(c)).
The multi-asperity meniscus model for the
thermally activated nucleation of water bridges
between two contacting or near-contacting asperities
has been successfully used to reproduce the velocity
and RH dependencies of friction force. However,
the applications of this model are largely limited
to the prediction of friction behaviors because of
several reasons. First, the topographies of the
contacting surfaces are simplified as a constant
cross-section of the meniscus of each single-asperity
contact and uniform roughness of the contacting
surfaces in this model (Fig. 7(a)). In reality, the
shape, height, and distribution of the asperities

Fig. 7 (a) Friction behaviors at microscale/nanoscale level
explained by a multi-asperity contact model; (b) schematic of
multi-asperity contact with condensation of water bridge; (c)
friction force as a function of sliding velocity, ln[v(µm/s)]
and relative humidity, 1/ln(PS/P) or 1/ln(1/RH), on hydrophilic
HT-CrN surface. Inset in (c) shows friction force vs. 1/ln(PS/P)
on native oxide-covered Si(100) surface. Reproduced with
permission from Ref. [91], © American Physical Society
2002.

on a rough surface are discrete. All of these features
have been proved to determine the capillary-related
friction force because of the different water
adsorption behaviors [92–95]. Second, the use of
this model is limited to the case where the water
condensation enhances the capillarity. This model
cannot predict the fact that the growth of liquidlike water on the hydrophilic surface at high RH
values suppresses the capillary effect and related
friction force. Third, a single-asperity contact
can be simulated between the interface of a sharp
AFM tip with a nanometer radius and an atomic
substrate (graphene/graphite and Si surface with
sub-nanometer roughness). The multi-asperity
meniscus model fails to explain the corresponding
friction behavior depending on water condensation.
4.2

Single-asperity meniscus model: Friction
enhanced by ice-like water

When the roughness of contact surfaces is minimized
to the sub-nanometer or nanometer scale, the sliding
interface should be modeled with a single-asperity
contact if the elastic deformation of the solid at a
given load is larger than the topographic features
of the initial surface before the contact [96, 97].
Under this condition, the multi-asperity meniscus
model is inapplicable, and the role of the water
structure (proven to be significant in adhesion
(Section 2)) at the contact interface must be considered.
Chen et al. [98] studied the friction behaviors at
a single-asperity contact on a silicon surface with
sub-nanometer roughness using the AFM and SiO2
microspherical tip; they also observed a similar
velocity-dependent and RH-dependent friction reported
in Ref. [91]. As the velocity increases, the friction
force of the SiO 2/Si single-asperity contact exhibits
a–ln(v) dependence in the low- velocity regime.
It levels off at a critical velocity (v a ), which is
dependent on the RH. As the RH increases, the
friction force exhibits dependence on 1/ln(1/RH)
at a low-RH regime (RH < 50%) and levels off at
the high-RH regime (RH ≥ 50%). Although experimental measurements are impossible because
of size limitation, the volume of the meniscus (V)
at the sliding interface can be estimated as V =
hmax
 A(h)dh = ln(v a /v) [ln(1/RH) ρ]1. Based on the
0
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same dependence of the meniscus volume on the
velocity and RH in theory and friction in
experiments, Chen et al. [98] found that the
capillary-related friction force varies linearly
with the meniscus volume (Fig. 8(a)) when the
interfacial water is dominated by the ice-like
structure at RH < 50% (Fig. 4(e)).
Ft = intercept + ηV
= intercept + ηln(v a /v) [ln(1/RH) ρ] −1

(8)

Here, the slope (η) of the fitting line physically
means the force required to drag a unit volume of
meniscus. However, the dependence of the meniscus
on volume declines when RH ≥ 50% (Fig. 8(b)).
Under this humidity, the ice-like water stops growing
and the liquid-like water becomes dominant (Fig. 4(e)).
This implies that the contribution of liquid-like water
to friction is considerably limited compared to that
of ice-like water. It is presumed that the surfaces
terminated by the hydrophilic groups containing
the H acceptor and donor moieties can form
strongly H-bonded networks (ice-like water) [99].
Furthermore, the condensation of more ice-like
water enhances the domains of glassy H-bonded
networks, which are more difficult to disrupt,
thereby resulting in greater friction.
4.3

Single-asperity contact at high RH: Friction
suppressed by liquid-like interfacial water

Different from the friction behaviors in the lowRH range, it is found that the single-asperity friction
at the hydrophilic sliding interface decreases when

RH > 70%. The non-monotonic variation of the
RH-dependent friction has been observed in broad
sliding systems, such as SiO2/mica [100], Si/CrN
[91, SiO2/Si [37, 38, 101], Si/ZnO [102], and taC/HOPG [12] interfaces. The adhesion force
described in Section 2.1 also exhibits a similar nonmonotonic behavior [74–78], which is mainly
attributed to the evolution of the adsorbed water
configuration [83, 85]. For the SiO2/Si single-asperity
contact interface, it is clear that the condensation
of ice-like meniscus at low RH values (< 40%–80%;
the exact RH depends on the solid surface chemistry
and physical structure) corresponds to increases in
adhesion and friction. Conversely, the fast growth
of the liquid-like meniscus at high RH values
corresponds to the decreases in adhesion and
friction [61, 67, 83]. Therefore, it can be deduced
that a part of the liquid-like water in the interfacial
meniscus can act as a lubricant.
Recently, Hasz et al. [12], using the AFM and
Grand Canonical Monte Carlo (GCMC) simulations,
investigated the stick–slip friction of tetrahedral
amorphous carbon (ta-C) AFM tip sliding against a
highly oriented pyrolytic graphite (HOPG) at
different RH values (Fig. 9(a)). They observed the
non-monotonic change in the RH-dependent friction
force: An increase at low RH values (< 60%–80%)
and a decrease at high RH values both in the AFM
experiments and GCMC calculations (Fig. 9(b)).
The analysis of the contact state shown in Fig. 9(c)
shows that the solid–solid contact area between
the ta-C tip and HOPG interface slightly changes

Fig. 8 Friction force vs. V at single-asperity contact interface of SiO2/Si pairs with (a) RH < 50% and (b) RH ≥ 50%. Inset
(a): schematic of meniscus condensed at a single-asperity contact interface under humid conditions. Reproduced with
permission from Ref. [38], © American Physical Society 2016. Thick red line in (b) is the same trend line found when RH <
50% in (a). Reproduced with permission from Ref. [98], © American Chemical Society 2017.
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Fig. 9 RH-dependent friction and contact state between a ta-C coated AFM tip and HOPG. (a) Schematic of GCMC
simulations of ta-C coated AFM tip sliding on model graphite surface; (b) friction obtained from GCMC simulations; (c) effect
of water condensation on contact of amorphous carbon micro-sphere and graphite substrate. Upper: contact models at different
RH values in MD simulation. Bottom: change in amount of contacted atoms with increase in RH. Gray ball: carbon atom of
HOPG; cyan ball: water molecule; black ball: carbon atom of AFM tip. Reproduced with permission from Ref. [12], ©
American Physical Society 2018.

with the meniscus growth as the RH increases
from 20% to 60%. However, it exhibits a remarkable
decrease after the full monolayer coverage of the
adsorbed water forms on the HOPG surface at an
RH exceeding 80% (Fig. 9 (c)). The MD simulations
have shown that the ice-like water layer may form
on a clean graphene surface [103]. It is highly
possible for the liquid-like water to grow as the
outermost water layer after the formation of a full
monolayer of ice-like water because of the low
surface energy of graphene or HOPG. In other
words, the growth of a water layer exceeding the
monolayer (highly possible to be liquid-like water)
increases the separation of ta-C/HOPG, resulting
in the decrease in friction force at RH > 80%. Here,
the practically constant solid–solid contact area at
low RH values also indicates that the increase in
friction as RH increases is not attributed to the
enhancement of the solid–solid contact because of
meniscus condensation [104]. It confirms the
significant contribution of the growth of strongly
H-bonded networks (ice-like water) to the increase
in friction at low RH values.
In summary, the increase in the meniscus number
at a multi-asperity contact or growth of ice-like
meniscus at a single-asperity contact with the

decrease in velocity or increase in RH causes a
higher capillary-related friction. Conversely, the
condensation of the liquid-like meniscus may
increase the separation between two contact surfaces
and reduce the solid contact area. Thereafter, the
liquid-like water mainly functions as lubricant.
This results in the decrease in the capillary-related
friction force. The corresponding results may open
a new environment-friendly approach of minimizing
the nano-friction in ambient air or water condition
(i.e., surface modification to suppress the formation of
ice-like water and facilitate the growth of liquidlike water on contacting surfaces).

5 Role of interfacial water in tribochemical
wear
Water condensation can vary the contact status at
the solid interface. It affects not only the interfacial
adhesion and friction but also significantly contributes
to surface wear. In this section, the effect of interfacial
water especially on the tribochemical wear is
discussed. The discussion includes the variations
in the properties (i.e., wettability and chemistry) of
contacting surfaces, environmental conditions (i.e.,
vapor pressure and temperature), and experimental
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factors (i.e., contact pressure and velocity).
5.1

Mechanism of tribochemical wear

Material wear is defined as mechanical wear or
tribochemical wear depending on the dominant
mechanism of surface damage [105]. Mechanical
wear normally involves dislocation, slip, and
lattice distortion corresponding to plastic deformation,
viscous flow of materials, and even fracture when
the applied mechanical stress exceeds the yield
limit of related materials [106–108]. Tribochemical
wear is attributed to the stress-assisted interfacial
bond formation and substrate bond breaking,
causing atomic attrition or mechanically facilitated
chemical corrosion [109–111]. Different from mechanical
wear, the wear activated by tribochemical reaction
can occur although the material deformation under
impress or shear stress is purely elastic. One typical
example is the tribochemical wear of a singlecrystal Si at the nanoscale level. Jacobs and Carpick
[112] were among the earliest groups that employed
in situ transmission electron microscopy (TEM) to
characterize the wear of Si AFM tip sliding against
a diamond-like carbon coating. They directly
observed the Si material removal at the atomic
level following a perfect crystallographic order in
the silicon, which was maintained after the removal
of surficial atoms (Figs. 10(a) and 10(b)). Thereafter,
Chen et al. [113] investigated the tribochemical
wear of a single-crystal Si that slid against a SiO2
microspherical tip in humid air; they firstly
observed a similar phenomenon on the Si substrate.

No dislocations or defects on the silicon lattice
subsurface were observed even when it was
extremely close to the sliding surface (Figs. 10(c)
and 10(d)). In this study, the applied pressure (1.3
GPa) was considerably less than the yield stress
of Si (100) (7 GPa) [114]. Hence, the absence of
mechanical damage was reasonable under the
conditions of the tribochemical wear experiment.
The development of computational techniques,
such as MD simulations and DFT calculations,
affords an opportunity to understand the underlying mechanism of the tribochemical reactions
a t a d y nami c s ta te [1 15] . Ch e n e t a l . [ 116 ]
performed MD simulations with a reactive force
field called ReaxFF to simulate a SiO 2 nanoparticle sliding against a silicon substrate in the
presence of water molecules (Fig. 11 (a)). The MD
simulation results confirmed that under th e
tribochemical wear conditions, few silicon atoms
were removed from the Si surface although the
substrate elastically deformed under an applied
load of 50 nN (Fig. 11(b)) and completely
recovered after the load was released (Fig. 11(c)).
The removal of Si atoms because of the tribochemical reaction at the contact interface could be
presumed as having three stages: (i) generation of
surface hydroxyl species through the reaction of
surface atoms with water molecules (Fig. 11(d));
(ii) formation of Si–O–Si interfacial bridge bonds
via dehydration reaction (Fig. 11(e)); (iii)
dissociation of substrate bonds under the action of
mechanical shear (Fig. 11(f )), leading to the

Fig. 10 (a, b) High-resolution TEM images of worn tips without sub-surface damage because of tribochemical wear after
removal of material. Reproduced with permission from Ref. [112], © Nature 2013. (c) High-resolution TEM images showing an
approximately 7.5-nm deep tribochemical wear scar formed on silicon surface after sliding against a SiO2 microsphere under
conditions of P = ~1.3 GPa, RH = 60%, v = 24 µm/s, and N = 100. Inset shows AFM image of wear scar. (d) Representative
lattice-resolved image in worn area marked with box (red dotted line) in (c). EDX spectrum in inset reveals no oxygen is
detected in sub-surface of silicon. Reproduced with permission from Ref. [113], © American Chemical Society 2015.
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Fig. 11 (a) Tribochemical wear of Si surface against silica nano-sphere in MD simulation; (b) sliding model in MD simulation;
(c) deformation of Si substrate under load condition (Z direction displacement of Si atom under contact pressure is denoted by
different colors). (d–g) Removal of Si atoms and release of substrate deformation after unloading: (d) tribochemical reaction
process: initial contact interface reacting with water to form Si–H and Si–OH groups; (e) formation of interfacial bond bridge
between Si substrate and silica surfaces, and breaking of one Si–Si bond of Si substrate; (f) tensile stress transferred across
interfacial bonding bridges; and (g) fracture of another substrate bond and removal of Si atom. Reproduced with permission
from Ref. [116], © Nature 2018.

removal of Si atoms from the substrate (Fig. 11(g)).
Furthermore, Wang and Duan [117] used the
same simulation method and found that the Si
atom removal was partially attributed to the
mechanically induced hydrolysis reaction combined
with the interfacial bond formation. Its extent
considerably depends on the change in the
interfacial shearing action with different amounts
of interfacial water molecules.
As a process dominated by a mechanically
activated chemical reaction, tribochemical wear
cannot be predicted by the empirical Archard
wear law, which states that the wear volume is
directly proportional to the load and sliding
distance [118]. For instance, Jacobs and Carpick
[112], Boscoboinik et al. [119], Chen et al. [116, 120],
Sheehan [121], and Gotsmann and Lantz [122]
investigated the tribochemical wear of nanoscale
contacts and indicated that the atomic attrition
depending on the contact stress (contact stress is
assumed to be proportional to shear stress) follows
an Arrhenius-type model (Fig. 12). The volume (V)
or wear rate (τ) of the atom removal caused by the
tribochemical wear as a function of contact stress
(σ) can be described as

 Uact 
 Vact 
V ( )  bf0 exp  
 exp 

 kBT 
 kBT 

(9)

where f0 is an effective attempt frequency; b is a
lattice parameter; ΔUact is an activation barrier;
ΔV act is the critical activation volume; k B is Boltzmann’s constant; T is the absolute temperature.
However, both experimental and simulation results
indicated that the wear at the nanoscale level shifts
from the Arrhenius-type behavior at a low contact
stress to an Archard-like behavior at a high contact
stress. This indicates the transition of dominant
functions from tribochemical reactions to mechanical
interactions [123–126].
Tribochemical wear is ubiquitous, and the
related mechanisms have been gradually analyzed
down to nanoscale and even atomic level [112,
116, 127–129]. In several review papers, the tribochemical wear was solved based on the assumption
of chemical reactions among the confined molecules
or atoms on the sliding interface [130–132]. Here,
the water sensitive tribochemical wear is mainly
indicated as depending on the interfacial water
configuration. For the two succeeding parts,
partly related conclusions can be found in an
excellent review paper given by Chen et al. [133].
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Fig. 12 Experimental results from various tribochemical wear studies. (a) Wear rate (volume) of methyl thiolate on Cu (100) at
298 K. Reproduced with permission from Ref. [119], © Royal Society of Chemistry 2020. (b) Single crystal silicon and native
silicon oxide. Reproduced with permission from Ref. [120], © Springer 2017. (c) NaCl. Reproduced with permission from
Ref. [121], © Elsevier B.V. 2005. All exponential increases with stress can be explained using stress-induced tribochemical
wear model. (d) Evolution of tip radius as a function of sliding distance can be well fitted by decreasing surface stresses as tip
becomes blunter. Reproduced with permission from Ref. [122], © American Physical Society 2008.

They summarized the effects of relative humidity
on the tribochemical wear of different materials,
such as carbon materials (graphite/graphene and
carbon films), silicon-based materials, glass, and
metals.
Tribochemical wear is ubiquitous, and the related
mechanisms have been gradually analyzed down
to nanoscale and even atomic level [112, 116.
127–129]. In several review papers, the tribochemical
wear was solved based on the assumption of
chemical reactions among the confined molecules
or atoms on the sliding interface [130–132]. Here, the
water sensitive tribochemical wear is mainly
indicated as depending on the interfacial water
configuration. For the two succeeding parts, partly
related conclusions can be found in an excellent
review paper given by Chen et al. [133]. They
summarized the effects of relative humidity on
the tribochemical wear of different materials,
such as carbon materials (graphite/ graphene and
carbon films), silicon-based materials, glass, and

metals.
5.2

Tribochemical wear facilitated by interfacial
ice-like water

In several studies, the transition of the dominant
role in sliding wear from mechanical deformation
or damage under dry conditions to tribochemical
reaction in humid air or water conditions was
demonstrated. The latter can result in the severe
wear of many materials, such as silicon (Fig.
13(a)) [134], glass [135–137], GaAs [138], tetragonal
zirconia ceramics [139], steel [140], and diamondlike carbon coating [141], although the imposed
mechanical stress may be extremely weak. Consider
a single crystal Si as example. When the nanowear
was imposed under dry conditions (vacuum,
nitrogen, oxygen, or dry air) and under a contact
pressure less than its material hardness (< ~11
GPa), the surface damage after sliding against a
SiO 2 AFM tip presented the hillock formation
(left four images in Fig. 13(a)) [142], which
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mainly consists of a mechanically induced amorphous layer [143, 144]. In contrast, tribochemical
reactions occur in moist air, and a remarkable
material removal instead of the hillock formation
can be observed on the Si surface under the same
experimental conditions (Fig. 13(b)) [145–147].
This proves that the presence of water is a necessary
condition for the activation of tribochemical reactions
at the sliding interface of Si/SiO2 [148]. Furthermore,
the absence of tribochemical wear on the Si surface
sliding against an inert diamond AFM tip in
humid air (Fig. 13(b)) indicates that the chemistry
of the counter-surface also has a crucial function
in the tribochemical reaction. The tribochemical
wear of Si cannot be caused by the mechanically
induced hydrolysis reaction alone [149, 150].
Typically, in the low RH regime (< 50%), the
tribochemical wear was facilitated by the increase
in RH because of the enhancement of the tribochemical reaction. As mentioned in the Section 1,
the thickness and structure of the adsorbed
water gradually evolve with RH especially for a
relatively hydrophilic surface. Based on the
nanowear studies of Si sliding against a SiO 2
AFM tip as a function of RH, Wang et al. [37] and
Yu et al. [142] found that the change in the rate
(volume) of tribochemical wear considerably
depended on the configuration of the adsorbed
water layer on the Si surface (Fig. 14). In the
regime with RH < 30%, the tribochemical wear of
Si sharply increased with the RH when the adsorbed
water layer assumed an “ice-like” structure (inset
in Fig. 14 (b)). In contrast, the rate of change consid

erably decreased when a liquid-like structure started
to grow on the solid-like structure in the adsorbed
water layer when RH > 30%. Thereafter, Chen et
al. [113] quantified the relationship between the
tribochemical wear and adsorbed water configuration on the Si surface. The tribochemical wear
rate of Si is directly proportional to the meniscus
volume condensed at the sliding interface (Section
3.2). In other word, both the wear rate of Si and
meniscus volume are proportional to 1/ln(1/RH)
and decrease logarithmically as the sliding speed
increases. A similar relationship between the
tribochemical wear rate and sliding speed was
also reported in Refs. [151, 152].
Surface wettability that is another important
factor to determine water adsorption also has a
strong influence on the tribochemical wear. Yu et
al. [153] compared the nanowear of Si surfaces
with different contact angles at RH of 35%–40%.
The samples include a fully hydrogen-terminated
Si, partially hydroxyl-terminated Si, and fully
hydroxyl-covered Si surfaces with contact angles
of < 5°, 39°, and 83°, respectively. Except for the
extremely weak mechanical wear on all the three
sample surfaces in vacuum, the severe material
removal caused by the tribochemical reactions
occurred in humid air under the same conditions.
The wear depth gradually increases with the
decrease in the water contact angle (surface
hydrophilization). At the same RH, as more
water molecules adsorb on the more hydrophilic
Si surface, the tribochemical reaction is enhanced,
facilitating the tribochemical wear of Si. Based

Fig. 13 Effect of environment and counter-face on nanowear of Si (100). (a) AFM images and profiles of nanowear scars on Si
(100) surface against SiO2 tip in various atmospheres (e.g., vacuum, nitrogen, oxygen, dry air, and humid air). (b) AFM image
and profile of nanowear scar on Si (100) surface against diamond tip in humid air; RH was ~35%. For all tests, the applied load
and total sliding cycle were 5 μN and 200, respectively. Reproduced with permission from Ref. [142], © American Chemical
Society 2012.
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Fig. 14 Tribochemical wear of oxide-covered Si sliding against SiO2 tip at various RH values. (a) AFM images of wear scars
on silicon surface at representative RH values; applied load, sliding speed, and sliding cycle were 3 μN, 2 μm/s, and 200,
respectively. (b) Wear rate is a function of RH; inset shows adsorption isotherm of native oxide-covered Si (100) surface in
humid air. Reproduced with permission from Ref. [142], © American Chemical Society 2012.

on the characterizations using the ATR-IR and
SFG spectroscopies, Barnette and Kim [154]
found that alcohol molecules could compete with
water molecules to adsorb on the (relatively)
hydrophilic solid surface. Chen et al. [155] and
Marchand et al. [156] confirmed that ethanol
vapor can effectively protect the Si surface against
tribochemical wear. When RH was less than 50%,
there was a critical ethanol partial pressure beyond
which the tribochemical reaction was completely
suppressed, and no wear was generated on the Si
surface. At an RH exceeding 50%, the tribochemical wear on Si could be significantly (but not
completely) reduced with the increase in the
partial pressure of ethanol.
In general, the tribochemical wear becomes
more severe at a higher RH and lower sliding
speed (more contact time) or on a more hydrophilic
solid surface. This is because of the enhancements
in surficial water adsorption and interfacial
meniscus condensation when the interfacial water
is dominated by an ice-like structure. It is noteworthy
that the effect of RH on the tribochemical wear is
complex. For example, the tribochemical wear of
native oxide-covered Si first increased to a
maximum value at approximately 50% RH and
then decreased below the detection limit at a RH
exceeding 85% or in water [134]. However, the
tribochemical wear of Si after the removal of the
native oxide layer monotonously increased as
the RH increased from 0% to a practically saturated
condition [157]. This difference should originate
from the diverse capability of water adsorption

and different water structures depending on the
surface wettability (Fig. 4), which are discussed in the
next section.
5.3

Tribochemical wear suppressed by liquid-like
water

The participation of water in tribochemical
reaction can facilitate material removal especially
at a low contact pressure; however, excessive
amounts of adsorbed water may lubricate the
sliding interface and suppress the tribochemical
wear. Wang et al. [38] compared the nanowear of
Si (covered by native oxide layer) against a SiO 2
AFM tip at RH values of 60% and 90%. They
f o u n d t h a t t h e t r i b o c h e m i c a l we a r ( s e ve r e
material removal) of the Si formed at 60% RH
was completely restrained until RH was increased
to 90%. Similar results were observed in the
duplicate experiments (Fig. 15). These results
indicated that the disappearance of tribochemical
wear at 90% RH was not due to the lubrication of
reaction products, such as Si(OH) x , which were
formed in the previous sliding tests at 60% RH
[158–161]. Both the experimental and computational
r e s u l ts i n d i c a te d th a t th e i n te r f a c i a l wa te r
cannot be completely squeezed out from the
contact area [39, 40, 162]. The MD simulations
from Leng [41] demonstrated the hydration of
the confined water molecules between two mica
contact surfaces, which were capable of supporting
a large load (~1.5 GPa), increased the viscosity of
the confined water to be approximately 5–16
times of bulk water when the interfacial water
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Fig. 15 Nanowear of silicon against SiO2 tip in humid air with RHs of 60% and 90%. (a) AFM images and (b) wear depth of
nanowear tracks on silicon surface formed at 60% and 90% RH, respectively. Applied load, sliding speed, and sliding cycle
were 3 μN, 2 μm/s, and 200. Reproduced with permission from Ref. [38], © American Physical Society 2016.

was reduced to two layers. In previous studies,
Israelachvili and Wennerström [10] observed the
monotonic short-range hydration force between
the two mica surfaces when the separation was
reduced to < 1.5 nm in their experiments. They
attributed this phenomenon to the ordered
layering of water molecules bound to hydrated
surface groups. In contrast, the MD simulation
results given by Leng [41] showed the domination
of the liquid phase of the confined water layer
between the two mica surfaces. Although it is
difficult to directly characterize the structure of
interfacial water with only a few layers, it is
reasonable to conclude that the multilayers of
interfacial water growth at a high RH can be
retained at the hydrophilic Si and SiO 2 contact
interface. This reduces the probability for the
asperities to be sufficiently close to interact during
the sliding process. Recently, this description has
been supported by MD simulations. Wang et al.
[163] and Ootani et al. [164] simulated the
tribochemical reactions at the sliding interface of
silicon-based materials. They also clarified that
the tribochemical reaction related to the formation
of the Si–O–Si interfacial bonds was suppressed
as the amount of interfacial water increased.
When the water layer thickness exceeds the
critical length of Si–O–Si interfacial bonds, the
tribochemical reaction at the sliding interface
cannot occur, and the tribochemical wear of
Si-based materials are completely suppressed.
A similar RH dependence of surface wear was
observed for the graphite/graphene sliding interface.
Huang et al. [165] compared the tribological
performance of graphene in dry nitrogen (< 5%)

and 40% RH humid air. Different from the case in
dry nitrogen, the friction coefficient maintained
a more stable and lower value during the entire
sliding process, and the graphene wear after
1,000 sliding cycles was considerably less severe
in humid air (Fig. 16(a)). It is well known that
graphite/graphene is an excellent candidate as
solid lubricant in an ambient atmosphere;
however, it fails to provide low friction and good
wear resistance under dry conditions [166, 167].
A defect-free graphene plane has a significantly
high mechanical strength (elastic modulus = ~1TPa)
and no interior dangling bonds. Moreover, it is
more probable for the graphite/graphene wear
and related friction force instability to initiate
from the step edge or defect [168–171]. The
simulations performed by Qi et al. [172] showed
that the tribochemical wear via the C–C formation
between the diamond tip and dangling bonds at
the graphene step edge occurs under a dry condition, resulting in the abrasive wear of graphene
(Fig. 16(b)). In contrast, the physisorbed water
molecules or chemisorbed H and OH ions from
water passivated the dangling bonds, suppressing
the atomic removal (Fig. 16(c)) [173].
Based on Arrhenius equation, the chemical reaction
rate usually has a positive correlation with
temperature. However, tribochemical wear is
determined by many factors, such as environment,
mechanical properties (e.g., elastic modulus and
hardness), and chemical properties (e.g., surface
wettability and bond energy) of two solid contact
surfaces, which may be sensitive to temperature.
Hence, the tribochemical reaction may not be
predicted by the Arrhenius equation alone. For
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Fig. 16
RH-dependent wear of graphene in experiments and MD simulations. (a) Friction and wear behaviors of graphite in
humid air with RH values of 4% and 40%. Reproduced with permission from Ref. [165], © Elsevier 2017. (b, c) wear of
graphene step edge against a diamond tip under conditions without and with water in MD simulations, respectively. Reproduced
with permission from Ref. [172], © Elsevier 2018.

instance, Liu et al. [174] demonstrated the watertemperature dependence of tribochemical wear on
two typical Si surfaces, involving oxide- covered
Si partially terminated with hydroxyl groups
and oxide-free Si fully terminated with hydrogen
groups. As the water temperature increased from
10 to 80 °C, the tribochemical wear of the oxidecovered Si in water changed from a surface with
no distinct damage to one with significant material
removal. These occurred as the temperature gradually
decreased on the oxide-free Si surface. The oxidefree Si surface became more hydrophilic at a
higher water temperature, whereas the oxide-covered
Si surface was more hydrophobic. Generally, the
tribochemical wear on both Si surfaces decreased
with the hydrophilization of the Si surface (growth
of hydroxyl termination groups), allowing the
retention of more interfacial water layers. Thereafter,
the chemical reaction at the sliding interface in
water was suppressed (Fig. 17). In a real CMP,
the polishing rate of silicon wafer was also found
to decrease with the increase in polishing temperature
in the high-temperature regime [175]. This might
be partially attributed to the temperature-enhanced
growth of the surficial hydroxyl groups and
thicker interfacial water. Furthermore, the polishing
rate first increased to a maximum value at a
critical pH and then decreased with the increase
in the slurry pH. This behavior was consistent
with the variation in the hydrophobicity of the
polished Si surface measured in room air [176],
supporting the inhibition effect of the interfacial
water on the tribochemical wear in water or
slurry [177].

A similar phenomena where the tribochemical
wear decreased at a high RH range was also observed
on metal surfaces. Gore and Buckley [178] investigated the RH-dependent fretting wear of several
pure metals involving steel, copper, silver, chromium,
titanium, and nickel. The wear volumes of all
these pure metals were found to increase at low
RH values and decrease at high RH values from
0% to 80%. The most severe surface wear occurred
in the RH range 5%–20% depending on the metal
[178]. As one of the most common materials of
mechanical moving components, the tribological

Fig. 17 Correlation between tribochemical wear and coverage
rate of hydroxyl groups (surface wettability) on oxide-free Si
and oxide-covered Si surfaces as water temperature ranges
from 10 to 80 °C. The solid line is drawn as guide. Right
insets are schematics of mechanism of temperature-dependent
tribochemical wear of silicon slide against SiO2 micro-sphere
in deionized (DI) water with thin strongly hydrogen-bonded
water layer for hydrophobic substrate case (upper inset) and
thick strongly hydrogen-bonded water layer for hydrophilic
substrate case (bottom inset). Reproduced with permission
from Ref. [174], © American Chemical Society 2019.
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applications of steel are normally associated with
the ionic liquid or oil lubrications (applications
for hip joint, roller, and ball bearings) [179–183].
However, the effect of RH on the tribological
properties of steel has previously attracted
considerable interest because of the sensitivity of
its nascent surface to water [184–186]. Without
interface lubrication, severe damage may occur
on the steel surface because of adhesion,
delamination, and melting wear [187]. As the RH
increases, the greater amount of adsorbed water
facilitates the oxide layer growth on the worn
steel surface, which can suppress the adhesive wear
[188]. In summary, the interfacial water may lubricate
the sliding interface depending on its thickness and
structure, which are determined by the RH, solution
temperature, and pH, or solid surface chemistry.
An extremely thick water layer condensed at the
contact interface at a high RH may restrain the
formation of interfacial bridge bonds and reduce
tribochemical reactions. The tribochemical wear
that occurs in humid air is more severe on a more
hydrophilic surface because of the enhancement
of water adsorption [153]. The hydrophilization
of the substrate surface facilitated by a higher
solution temperature or pH can retain more
interfacial water in the contact area under liquid
conditions, which can separate the sliding interfaces
and then suppress the tribochemical reactions.

6

Summary and perspectives

The interfacial water normally exhibits different
structures and properties compared to the bulk
water depending on the environment condition
(i.e., RH), surface chemistry, and structure because
of the additional interaction with a solid surface.
On a hydrophilic surface, the adsorbed water,
which consists of ordered (ice-like) structures with
a strongly hydrogen-bonded network and disordered
(liquid-like) structure formed at low and high RH
values, respectively, can grow up to several layers
in thickness. In contrast, the water layer on the
hydrophobic surface is highly disordered and may
behave as isolated clusters at high RH values.
The molecular configurations of the evolving

interfacial water that depend on the vapor pressure,
surface wettability, and structure have a strong
influence on adhesion. The condensation of the ice-like
meniscus on the hydrophilic surface at relatively
low RH values increases the capillary force and
rupture force of the ice–ice bridge at center of the
contact region, resulting in the increase in adhesion
force as the RH increases. However, the contribution
of the ice–ice bridge rupture is suppressed by the
growth of the liquid-like water at the outermost
surface under high RH conditions, causing the
reduction in the total adhesion force with further
RH increase.
Typically, the capillary-related friction especially
at hydrophilic interfaces is RH-dependent and
time-dependent before the thermodynamic
equilibrium of meniscus growth is established.
The enhancement of capillary condensation at a
higher RH or longer contact time (slower sliding
speed) corresponds to a large number of meniscus
that form between the contacting and nearcontacting asperities in the multi-asperity contact
model; it may also increase water bridge volume
in the single-asperity contact model. Thereafter,
the friction force gradually increases with the
increase in the number of meniscus or water
volume if the interfacial water is dominated by an
ice-like structure at low RH values. The growth
of the liquid-like water at high RH values suppresses
the contact of the solid interface and then
reduces the capillary-related friction force.
The water-associated tribochemical wear that
occurs under contact pressure is considerably
lower than the yield limit of materials and may
be modeled using the stress-assisted chemical
reaction kinetics. The interfacial water dominated
by the ice-like structure can facilitate the tribochemical reaction and induce more severe material
removal. A considerably thicker water layer
(especially with a liquid-like structure) confined
in the contact region separates two solid surfaces
and then weakens the tribochemical reaction. The
tribochemical wear may be completely suppressed
when the interfacial water layer is sufficiently
thick.
The configuration and condensation of the
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interfacial water dynamically depends on practically
all critical factors involved in the tribological
system, such as environmental conditions, properties,
and status of contact surface. Therefore, further
experimental and computational studies are still
required to quantify the contribution of interfacial
water to the tribological behaviors at the atomic
or molecular level.
First, adhesion, friction, and wear at the
nanoscale level were found to be significantly
correlated with the thickness and structure of
the adsorbed water layer. It is impossible to
directly characterize experimentally the molecular
configuration of the interfacial water within and
around the microasperity/nanoasperity contact.
Hence, its effect on nanotribology is normally
inferred based on the structure evolution of the
water layer already present on the solid surface
before the contact. The dynamic structure and
molecular details of the interfacial water especially
in the confined region should be further determined
by computational calculations or newly developed
testing technologies.
Second, it is typically regarded that the capillaryrelated adhesion force caused by the water
condensation has an equal contribution to the
interfacial friction force at the nanoasperity contact
as the imposed normal load. Previous studies
have demonstrated that both the capillary- related
adhesion force and related friction force may
increase with the growth of ice-like water or decrease
with the growth of liquid-like water. However, the
change in the amplitudes of these two forces
relatively differ. Therefore, the real relationship
between the capillary-related adhesion and related
friction should be determined especially with the
consideration of the interfacial water structure.
Finally, newly developed techniques, such as
in situ TEM, are capable of characterizing the
atomic attrition process of nanoasperity in real
time. It provides a direct evidence of the occurrence
of the atom-by-atom removal caused by the
tribochemical reaction. The limitation of this
technology is that the water-associated tribochemical
wear cannot be captured because it must be
operated in a vacuum. It is difficult to fully

deduce the underlying mechanism of tribochemical
reaction with the participation of water based on
the separate characterizations of worn surfaces
or subsurfaces after the wear has formed. Computational calculations, such as MD simulation,
can provide insight into the tribochemical wear
mechanism; however, the contribution of interfacial
water structure is usually not considered.
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